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I. PURPOSE 

This r epor t  p resents  the work done during the second quar te r  

of the Single Crystal  Gallium Phosphide Solar Cell program. 

objective of this program is the development of an  efficient solar  cel l  

operable a t  temperatures  up to 500" C. 

single c rys ta l  gallium phosphide by epitaxial deposition f rom the vapor 

phase on gallium arsenide  substrate followed by removal of the gallium 

arsenide .  

voltaic propert ies  of the cel ls  a re  measured,  ultimately up to 500" C. 

The design and performance of the cel ls  a r e  to be related to the 

electr ical  and optical properties of the gallium phosphide. 

The 

The approach is to grow 

Diffused junction cells a r e  then fabricated and the photo- 

1. 
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11. ABSTRACT 

Single c rys ta l  gallium phosphide has  been prepared  by epitaxial 

deposition on single c rys ta l  gallium arsenide using hydrogen chloride 

in an  open tube vapor t ranspor t  process with excess  phosphorus and 

either gallium o r  gallium phosphide sources .  

sys tem depends in a complex way on g a s  flow ra tes ,  on substrate  

position and temperature ,  and on total substrate  a r e a .  Structural  

perfection depends on three interdependent factors ,  surface orientation, 

surface preparation and run conditions, the la t ter  including impurity 

composition of the gases .  

demonstrated.  The gallium phosphide, a s  indicated by e lec t r ica l  

measurements ,  has  been highly compensated, with severa l  different, 

a s  yet  unidentified, impurit ies being implicated. 

The growth r a t e  in this 

Doping with tellurium and zinc has  been 

Solar cel l  character is t ics  measured a t  room temperature  have 

generally fallen into two categories: 

low shor t  c i rcu i t  cu r ren t  densities, ( 2 )  low open c i rcu i t  voltages and 

high shor t  c i rcu i t  cur ren ts .  

c i rcu i t  voltage of 1 .  18 volts has  been achieved with a shor t  c i rcu i t  

c u r r e n t  density of - 0.  1 m a / c m 2 .  

a sho r t  c i rcu i t  cu r ren t  density a s  high a s  5 m a / c m 2  have been obtained 

with open c i rcu i t  voltages around 0. 7 volts. 

main spec t ra l  response a t  wavelengths of the order  of 0. 7 IJ. whereas  

ce l l s  of category (1) respond more to the band edge absorption. 

(1) high open c i rcu i t  voltage and 

I:: the fo rmer  group of cel ls  an  open 

In the la t ter  category ce l l s  having 

These ce l l s  have their 

One cel l  a t  room temperature when measured with a tungsten 

This cel l  came f rom the source  had a conversion efficiency of 2. 5%.  

second category. 

With increase in temperature the shor t  c i rcu i t  cu r ren t  generally 

tends to increase  whereas the open circui t  voltage decreases .  d dT-t+@( 
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111. MATERIAL PREPARATION 

The open tube, HC1 t ransport  p rocess  for growing G a P  layers  

epitaxially on GaAs substrates  and the techniques for  measuring their 

e lec t r ica l  propert ies  have been described in Quarterly Report  No. 1. 

Continuing f rom the f i r s t  quarter ,  the principal effort  during 

this period has  been on defining factors affecting growth r a t e ,  and on 

conditions causing formation of bumps and other defects. In addition, 

prel iminary experiments have been made on control of net c a r r i e r  

level by doping. Some efforts to improve purity have a l so  been initiated. 

A. Growth Rate 

A principal objective of the mater ia l s  preparation has  been to 

grow thick self-supporting l aye r s  of G a P  in o rde r  that solar  cel l  propert ies  

m a y  be studied f r e e  f r o m  possible interfering effects f r o m  a GaAs substrate .  

P r o g r e s s  toward this goal has  been slow but a number of fac tors  affecting 

growth r a t e  have been elucidated in the process  of other investigations and 

the goal now appears  within reach.  

Some thick epitaxial wafers have been grown in closed tube 

experiments  (on a separate  company-funded program) ,  

of these wafers,  grown in the e 111 > A direction, is ra ther  poor and the 

charac te r i s t ics  of a so la r  cell  fabricated f r o m  one a r e  a l so  poor (sample 

CTVIII, Table V). At present ,  no advantage can be seen in the closed 

tube process .  

The s t ructure  

Run conditions and resulting growth r a t e s  a r e  summarized in 

Table I for  all runs made this period in the open tube system. 

a r e  tabulated in o rde r  of increasing growth ra te .  Similar data for ea r l i e r  

runs a r e  given in Table I of Quarterly Report  No. 1. All runs were  made 

using the pre t rea tment  in phosphorus vapor a t  1000" C descr ibed in that 

repor t .  

The runs 

The source mater ia l ,  gallium o r  gallium phosphide, and dopant, 

e i ther  vaporized separately o r  dissolved in the source gallium, a r e  

indicated in column 2, approximate source temperature  in column 3 .  
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The position of the substrate  wafer in the furnace,  column 4, may  be 

compared with the "dump zone" centered at  13-1/2". 

substrate  temperatures  a r e  listed in column 5. 

Approximate 

Hydrogen flow ra t e s  a r e  f rom flow me te r  readings.  The 

HC1 flow rates a r e  derived f rom the weight loss of the Ga or  G a P  

source.  

of the flow me te r  a r e  given in parenthesis for Runs SC25 on. 

phosphorus flow ra t e s  a r e  averages calculated f r o m  total weight loss ,  

including that during the pretreatment  period, except for  runs S C 2 5  

and SC26. 

For  comparison, the actual HC1 flow r a t e s  based on a calibration 

The 

In these runs the flow ra te  was reduced f r o m  the initial 

high r a t e  to the low ra t e  indicated a f te r  initiation of deposition. 

r a t e s  during the pretreatment  a r e  higher and during deposition a r e  lower 

than the averages given. 

1 .  2 c c / m i n  a f te r  240 minutes the flow ra t e  will have fallen to about 

0 . 4  cc /min .  

Actual 

For  example, in a typical run  averaging 

Duration of deposition period, approximate layer  thickness 

(der ived f r o m  measurements  on Hall ba r s ) ,  and average growth rates 

a r e  given in columns 9 through 11. 

have been divided by HC1 flow ra tes  to yield the average growth ra te  

in microns  per cc of HC1. 

In the l a s t  column growth r a t e s  

Under the conditions given, growth r a t e s  a r e  seen to va ry  by 

The range is reduced near ly  a factor of ten f r o m  0. 04 to 0. 38 p/min. 

somewhat i f  the normalized growth ra te ,  in p /cc  HC1, is considered 

since i t  appears  that for  H, /HC1 rat ios  grea te r  than 150 the growth 

r a t e  is proportional to HC1 flow rate .  

The low growth r a t e  in SC21 may  have been due principally 

to the high r a t e  of back diffusion and convection at  this very  low total 

flow ra te .  

wafers  to cooler regions downstream and would account for the etching 

and ve ry  ragged interface observed. However, the low H,/HCl rat io  

m a y  a l so  have been a contributing factor to the low growth r a t e  ( s e e  

This could have allowed t ranspor t  of ma te r i a l  f r o m  the 
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SC6 and SC7 in Table I of Quarterly Report  KO. 1). 

The low growth r a t e s  obtained in runs SC25 and SC26 mus t  be 

attr ibuted to the low phosphorus pressure .  

fac tors ,  a t rend toward higher growth r a t e s  with increasing phosphorus 

p r e s s u r e  may a l so  be seen in the remaining runs.  

f r o m  the effect of phosphorus pressure  on the equilibrium of the deposition 

reaction, 

Although masked by other 

This can be expected 

3 GaCl t - P, - 2 G a P  t GaC1, 
2 

The effect of the position of the substrate  in the furnace may  

bes t  be seen in the resu l t s  f rom runs in which two wafers  were included 

(SC18, SCl9, and SC24). The effect of moving the wafer upstream into 

the "dump" zone is not a s  pronounced however, a s  the data in the first 

quarter ly  r epor t  would indicate. 

temperature  and temperature  gradient, both of which decrease  in this 

region. 

reduces the growth rate .  

The effect will depend on both substrate  

Fur ther  advance of the substrate into a zone of higher tempera ture  

The growth r a t e  depends on the a r e a  available for  deposition and 

i s  generally lower as  the number o r  s ize  of the wafers i s  increased. 

will a l so  decrease  a s  a deposit builds up on the wall to provide a competing 

deposition s i te .  Therefore the growth r a t e  dec reases  with time. This 

effect is masked by the effect of phosphorus p re s su re  in these data. 

It 

Doping does not appreciably affect  growth ra te  except a t  ve ry  

high levels where growth habit of the bump structure  is radically changed 

(SC16) a s  will be shown la te r  or the number of bumps is increased to the 

point that overlapping occurs .  

will increase the average layer  thickness and hence the apparent  growth 

r a t e .  

A high concentration of overlapping bumps 

In the severa l  runs in which a higher source temperature  was used, 

the wafers  were  located far ther  downstream so a s  to leave the gradient 

a t  the wafer position essentially unchanged and no appreciable affect on 
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growth r a t e  is observable. 

Another factor which m i g h t  account for  some variation in the 

growth r a t e s  and the generally low r a t e s  i s  the position of the substrate  

in the tube relative to the ver t ical  temperature  distribution in the spli t  

tube furnace.  

4 to 5 mm below the tube center .  In two runs,  SC27 and SC28, the 

wafers  were  supported vertically (s t i l l  paral le l  to the flow direction) 

to take advantage of the lower temperature  opposite the hinged opening 

of the furnace.  

competition between growth on the f ront  and on the back of the wafer 

kept the growth r a t e s  low. Fur thermore ,  the layer  had poor uniformity 

of thickness. 

center  of the tube on a thicker quartz plate. 

r a t e  ( in  I.1 / c c  HC1) relative to the very l imited deposit on the wall near  

the wafers  is ve ry  encouraging although the other run conditions were  

l e s s  than ideal. 

Normally, the wafers a r e  supported on a quartz plate 

While a reduction of deposit on the tube wall was noted, 

In Run SC30 the wafer was supported horizontally in the 

The above average growth 

A final factor which may affect growth ra te  i s  the prec ise  

orientation of the wafer surface relative to the < 100 > plane. 

experiments  have been done but the possibility is suggested by the growth 

habits of bumps as  discussed in the next section. 

No 

B. Structure 

"Stacking faults" and other s t ruc tura l  defects associated with 

bumps on the surface of epitaxially grown wafers  in extreme cases  lead 

to non-planar junctions on diffusion (Fig.  19, Quarterly Report  No. 1). 

While the incidence and severity of these defects i s  greatly reduced by 

a high temperature  phosphorus pretreatment  of the substrate  a s  descr ibed 

in the f irst  quarter ly  repor t  they a r e  not completely eliminated. Although 

a t  p resent  no significant effect on solar  cell  propert ies  can be attr ibuted 

to the remaining bumps, a deleterious effect m a y  be uncovered a t  some 

l a t e r  stage in the development when other cu r ren t  limitations have been 

removed. Fo r  $his reason, and because bumps may be associated with 



o r  indicate the presence of other undesirable e lements ,  it is worthwhile 

to t r y  to understand the conditions under which they a r e  formed. 

Three interdependent factors appear to be involved in the 

formation of bumps: surface preparation; surface orientation; 

and growth conditions. Surface preparation is cr i t ical .  The origin of 

m o s t  bumps can be t raced to the epitaxial-substrate interface where they 

have been nucleated by d i r t  o r  damage on the surface.  

At present ,  no cleaning technique produces perfectly clean 

sur faces  although some improvement has  been made. 

technique consists of cleaning the polished and dewaxed wafers  ul t ra-  

sonically in concentrated H2S04 followed by rinsing in distilled water 

and ethyl alcohol. On removal f rom the alcohol the wafers  a r e  wiped 

d r y  with microcloth and immediately loaded into the reac tor .  

run, SC24, one of the wafers was simply lapped, etched in a polish etch, 

r insed in deionized distilled water and dr ied in a nitrogen jet .  

result ing surface was s t reaked with haze but the bump s t ruc ture  did not 

co r re l a t e  with this haze and was equivalent to that of the standard wafer.  

The present  

F o r  one 

The 

Surface orientation has  recently been recognized a s  a major  

factor in the formation of bumps, and is the p r imary  if  not the only 

cause of the differences observed f o r  different subs t ra tes  in the same 

run. 

the m o r e  cr i t ical  do the surface preparation and run  conditions become. 

If the surface is slightly off orientation the growth mechanism apparently 

pe rmi t s  potential o r  actual bump s i tes  to be overridden and buried. 

Perfect ly  oriented surfaces  become covered with incipient bumps, many 

of which develop into full blown bumps which may  then engulf l e s s  active 

neighbors.  

Neither has  an attempt yet been made to obtain wafers  deliberately cut 

and polished off orientation. 

of near ly  perfectly oriented wafers has  increased the sensitivity of the 

growth experiments to the other factors  causing bumps. 

The more  closely the surface approaches exact < 100 > orientation 

A systematic study of the effect has  not yet been made. 

On the other hand, the availability of a s e t  

7 
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A deposit near ly  f r e e  of bumps i s  shown in Figure 1. The 

orientation effect  he re  is evident. 

appears  near  the lower edge where the surface was "on orientation" 

due to slight curvature  introduced by polishing. 

bumps (of the "square pyramidal" type) appear  to be tipped over 

with one edge partially buried in the surface.  

edge was caused by the support holding the wafer in a ver t ical  position. 

A high concentration of bumps 

The few isolated 

The line a t  the lower 

The growth conditions affecting bump formation include flow 

ra t e s  of H,, HC1 and phosphorus, temperature and temperature  gradient 

a t  the substrate  positions, o r ,  in short, all the conditions discussed 

above in connection with growth rate. 

of impurity dopants on the growth habits of the bumps. 

in F igures  2, (a), (b), (c)  and (d) and 3, (a), (b), (c)  and (d). In e a r l i e r  

"undoped" runs (F igure  2 (a) and Figures 8 and 9 of Quarterly Report  

No. 1) the bumps tended toward a rounded rectangular base shape with 

axes  in c 110 > directions,  frequently with a flattened top. Moderate 

doping with tellurium produces bumps of the same shape, but very  heavy 

doping with tellurium draws the bumps out into long paral le l  r idges 

(F igure  2 (c)) .  

"square pyramidal" configuration i l lustrated in Figure 1 (b). 

with Zn elongates the bumps in the other < 110 > direction (F igure  1 (d)). 

The m o s t  striking effect is that 

This i s  i l lustrated 

Recent "undoped" runs have produced bumps having the 

Doping 

Details a t  the peaks of some typical bumps a r e  shown in 

F igure  3 (a ) ,  (b),  (c)  and (d). One feature  all have in common is the 

lack of symmetry  expected for  a < 100 > oriented s t ructure .  If we label 

the slopes of the bumps, A and B, (as for  the s ides  of a pyramid formed 

by c 111 > faces  on a c 100 > base) the Te doped bumps a r e  elongated in 

the B direction, the Zn doped bumps in the A direction. The peak of the 

bump in each case  is symmetr ical  with the B slopes but displaced in  one 

o r  the other of the A directions. 

been observed, 

Displacement in the B direction has  never 
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The square a r r a y s  in Figures  3 (a )  and (c )  a r e  believed to be 

stacking faults in the < 111 > planes intersecting the surface.  The s ize  

of the square corresponds with the base of a pyramid formed by <111 > 

planes with its apex a t  the Gap-GaAs interface.  An example of a ve ry  

high concentration of these "stacking faults ' '  in a cleaved section was 

shown in Figure 19 of Quarterly Report  No. 1. 

The other shor t  "hash marks"  on the B slopes of the bumps 

in F igures  2 (a) ,  (b) ,  ( c )  and (d) a r e  small  growth steps.  These s teps  

a l so  appear  in smooth bump f ree  a r e a s  of the wafers (F igure  14, 

Quarterly Report  No. l ) ,  but a r e  strong only i f  the surface i s  tipped 

in the B direction with respec t  to the < 100 > planes. 

Impurit ies added through the vapor phase other than intentional 

dopants may  a l so  affect  the s t ructure .  

had holes,  o r  polycrystalline mater ia l  a t  the peaks. 

(F igure  12 Quarterly Report  No. 1) this has  been attr ibuted to the 

oxygen impurit ies in the impure phosphorus. 

that  a high phosphorus pressure  reduces the growth of the bumps in 

height and produces the flat  topped bumps. 

In some runs many bumps have 

In run  SC-5 

There is some indication 

This effect m a y  be d i rec t  

o r  indirect  through influence on the distribution of impurit ies.  

Finally a disturbance in the run such a s  a sudden p r e s s u r e  

drop  may  induce bump formation a f te r  smooth growth has  been 

initiated. 

(F igure  10, Quarterly Report  No.  1) and the bumps on SC30-3 (F igure  2(d)). 

These la t te r  bumps a r e  about one half the s ize  expected for  the thickness 

of the layer  andwere  probably all nucleated a t  a point midway in the run 

when a p re s su re  buildup due to plugging of the exit  tube was relieved. 

This is believed to be the cause of the poor surface of SC10-2 

C. Doping 

The net c a r r i e r  level of "undoped" epitaxial G a P  layers  ranges 

up to the mid-lOla 

Report  No. 1 ) .  

range, n-type (Table I1 and Table 11 of Quarterly 

This level will hopefully be reduced a s  pu re r  mater ia l  



10. 

is developed. Therefore,to control the net c a r r i e r  level in the range 

up to 1019 c m  -3 n-type, o r  to produce p-type mater ia l ,  impurity dopants 

mus t  be added deliberately. 

Doping with tellurium and zinc has  been accomplished by 

vaporizing the elements into the H,-HCl s t r e a m  f r o m  a boat in the f i r s t  

furnace.  

the dopant dissolved in a liquid gallium source.  

was subsequently used to produce heavily n-type epitaxial l ayers .  

c a s e  of zinc, not enough dopant remained in the source to f o r m  p-type 

deposits on reuse ,  but the zinc did influence the growth habit of the 

bumps (F igure  3 (d)).  

In the case  of tellurium,as will be shown la te r ,  a lmos t  all of 

This doped source a l so  

In the 

Data on electr ical  properties of these doped samples  a r e  

summarized in Table 111. 

m a y  be found in Table I. 

the r a t e  of evaporation of tellurium in a toms/uni t  t ime based on total 

weight loss i s  expressed  relative to the ra te  of consumption of source 

in cc  of solid G a P  equivalent per unit time. 

r a t e  i s  equivalent to that f r o m  a G a P  source doped to the same level. 

In run  SC16, using a G a P  source, the c a r r i e r  level of the epitaxial 

l ayer  is of the same order  of magnitude a s  that of the "source". 

r e su l t s  f r o m  SC18 a r e  ambiguous because the epitaxial c a r r i e r  level 

is only slightly higher than the normal undoped level, but in SC19 the 

epitaxial c a r r i e r  level is a fac tor  of twenty l e s s  than the "source" level. 

This is a good indication that the gallium source has  dissolved most  

of the tellurium passing over it. 

have produced a concentration equivalent to 2. 3 x l o p 8  cm-3  in the original 

source.  Subsequent use of this source did, indeed, produce increasingly 

doped epitaxial l aye r s  a s  shown by the s e r i e s  SC20 through SC23, and 

conf i rms  the high solubility of tellurium in gallium. This tendency of 

the dopant to concentrate in the source will add a n  additional complication 

to accura te  control of doping. 

The conditions unde.r which they were  made 

F o r  runs SC16, SC18 and SC19,under source,  

Thus the expressed  doping 

The 

Solution of a l l  of the tellurium would 
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Comparable resu l t s  a r e  indicated by two zinc doping runs  in 

one of which zinc was vaporized separately.  

not obtained, but the approximate temperature  is indicated. The resu l t s  

suggest that  only a fraction of the zinc in the vapor phase is incorporated 

in the epitaxial deposit. 

conversion to p-type although, a s  noted above, the bump habit was 

affected. 

The zinc weight l o s s  was 

Thus, in SC30 the doping was insufficient for  

D. Puri ty  

The purity of the mater ia l ,  because of i t s  effect on l ifetime, 

is probably the m o s t  c r i t i ca l  factor affecting the propert ies  of a 

gallium phosphide solar  cell .  

produced to date, besides having a high net c a r r i e r  level,  is highly 

compensated as  indicated by low mobili t ies.  The data a r e  l i s ted  in 

Table 11. Although no systematic a t tempt  to identify the nature  and 

source  of the principal impurit ies has  yet been attempted, the following 

observations relative to purity have been made. 

The "undoped" epitaxial gallium phosphide 

The e lec t r ica l  properties of the epitaxial layer  may  be independent 

of the phosphorus source used. 

run  SC16 was of "five 9 ' s "  purity with the exception of an  ord inary  

laboratory grade employed in run SC5. That used for run  SC17 on 

was a granular "semiconductor" grade in which approximately 0. 001% 

each of Mg, Al, Si and F e  have been detected spectroscopically,  the 

Cu content not determined. 

among deposits prepared  using any of the sources  a r e  evident, however, 

a s  m a y  be seen by comparing the data for  runs SC5, S C l l  (Table  11, 

Quarter ly  Report  No.  1) and SC17, made  under otherwise similar 

conditions. 

f r o m  the monitor Hall bars ,  discussed below, which show differing kinds 

of segregation and, therefore,  possibly quite different s e t s  of impuri t ies .  

The phosphorus source used through 

No differences in e lec t r ica l  propert ies  

That this r e su l t  may be fortuitous is indicated by the data 

Unfortunately, samples f r o m  SC5 and S C l l  were  not suitable 

f o r  so la r  cell  fabrication so that a d i r ec t  comparison of so la r  cel l  
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proper t ies  is not possible, and the var ie ty  of resu l t s  obtained with the 

other samples  precludes drawing of any valid conclusions. 

The source of Ga has  been found to influence the e lec t r ica l  

propert ies ,  a s  expected, since impurit ies in a G a P  source should be 

reincorporated in the epitaxial deposit. This i s  i l lustrated by the r e su l t s  

for  runs  SC14 and SC15, the net c a r r i e r  level of SC14-3 being the lowest 

evaluated while SC15-3 could not be evaluated, presumably because of 

nonhomogeneity of type. 

a s  is indicated in the table, a negligible amount, i f  any  was t ransfer red) .  

Of the other two runs made with this source,  SC12 and SC13 (Table I1 

Quarter ly  Report  No .  1) SC13 could not be evaluated either, while the 

higher c a r r i e r  level of the SC12 deposits might be attr ibuted to the high 

tempera ture  of deposition (which might a l so  be related to the segregation 

of impuri t ies  discussed below). 

(Although Te doping was attempted in this run 

Measures  to purify the HC1, inclusion of a U-tube t r ap  containing 

HgC1, and Mg (ClO,), to remove H,S and water ( runs  SC14-SC24) and 

immers ion  of the t r ap  in a dry  ice s lu r ry  ( runs  SC2O-SC24), produced 

no obvious effect on the electrical  propert ies ,  but in m o s t  of the runs 

any effect  would have been masked by the deliberate Te doping. There 

was,  however, no marked  improvement in mobility to indicate a higher 

level  of purity attained. 

habit  on undoped l aye r s  f r o m  "rounded rectangular" (F igure  1 ( a ) )  to 

' ' square pyramidal" (F igure  1 (b) ), f i r s t  noticed in run SC24. Since 

introduction, with run SC25 ,of a new HC1 source and a shor te r ,  c leaner  

meter ing  system, but with no further purification, c a r r i e r  levels  in the 

mid  10'' cm-3  range have been obtained (though perhaps due to other 

f ac to r s )  and the bump habit has  been "square pyramidal" a s  in run SC24. 

Whether this represents  an  improvement in purity is s t i l l  open to question 

as  will be discussed below. However, the new sys tem is cleaner .  -4 

A possible exception i s  the change in bump 
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yellow fluffy deposit which had always preViGilS1y formed on the gallium 

source has  not been obtained since introduction of the new HC1 supply. 

The segregation of impurities reported in Quarterly Report  No. 1 

has  again been noticed in all runs including those heavily doped with 

I el lurium (Table I V ) ,  

layer  dec reases  with position downstream. 

of a n  accompanying drop in mobility in the undoped s e r i e s  of runs indicates 

that the trend is r ea l  and due to an increase in a compensating p-type 

impurity. This is in agreement  with a n  observed darkening of the deposit 

on the wall downstream which indicates an  increasing impurity level The 

effect could be due to silicon (known to be present  in the phosphorus) which 

though normally a donor impurity in Gap, under the epitaxial deposition 

conditions could enter a l so  a s  anacceptor  Thus the large decrease  in 

mobility relative to the modest  drop in c a r r i e r  level could be accounted 

for .  

runs.  

a higher level of some impurity, perhaps silicon, having a high 

As  before, the net c a r r i e r  level of the epitaxial 

The pers i s ten t  recur rence  

This la rge  drop in mobilities did not occur in the ea r l i e r  undoped 

A possible explanation i s  that the new phosphorus does introduce 

segregation' '  coefficient. A large increase  in mobility was noted in I I  

run SC5 (Table ILL Quarterly Report No. l ) ,  the run made  using impure 

phosphorus, indicating possibly an even different s e t  of impurit ies.  

The decreasing c a r r i e r  level for  the runs heavily doped with 

tellurium, accompanied by the small but again pers i s ten t  increase in 

mobility shows the trend he re  is due to a decrease  in the concentration 

of the n-type dopant, tellurium. 

It i s  interesting to note that the best  average mobility (indicating 

l e a s t  compensation) has  been obtained in SG30, known to be a t  l ea s t  

partially compensated with zinc. 

The wide variation in net c a r r i e r  levels and correlation of 

c a r r i e r  level with growth ra te  noted in Quarterly Report  No. 1 is probably 

related to this segregation effect since the relative ra te  of incorporation 

of impuri t ies  can be expected to vary with growth ra tes .  
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E. Conclusions 

Although not yet fully demonstrated, i t  appears  that growth r a t e s  

in excess  of 0. 5 p /min .  can be achieved in the open tube sys tem while 

maintaining good s t ructure .  

l aye r s  to be grown in a reasonable time. 

This growth r a t e  will pe rmi t  thick self-  supporting 

Smooth surfaced epitaxial l aye r s  f r e e  of major  defects can be 

obtained by using slightly off e 100 > orientation substrate  sur faces  with 

present  cleaning technique and a t  moderate  doping levels ,  

doping levels this m a y  not be possible. 

At the highest  

Doping with tellurium and zinc has  been demonstrated but not 

fully developed. 

Puri ty  of the epitaxial G a P  is l e s s  than adequate, and a number 

of different impurit ies a r e  indicated a s  responsible, oxygen and silicon 

being chief suspects.  

8 
I 

I 
I 
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IV. SOLAR CELL FABRICATION 

In the fabrication of solar cel ls  attention has  been directed toward 

three aspec ts  (1) the improvement in junction quality, (2 )  the variation in 

zinc concentration to a l t e r  the surface concentration, and ( 3 )  the variation 

in junction depth. 

Initial a t tempts  to improve the junction planarity by pretreating 

the G a P  samples with gaseous phosphorus o r  a r sen ic  a t  1000"  C for 20 hours  

(with phosphorus a t  10 atmospheres p re s su re  and a r sen ic  a t  10 a tmospheres  

p re s su re )  pr ior  to a zinc diffusion ( see  Table V - NA17, NA18a, NA18B) 

have not been successful. 

the zinc diffusion apparently shows a m o r e  planar junction front,  this is 

deceiving since ( 1 )  the open circuit voltage obtained is extremely low and 

( 2 )  by carefully probing the layers and comparing the pretreated mater ia l  

before and af te r  zinc diffusion a high res i s t ive  a lmost  insulating layer ,  

presumably connected with the phosphorus o r  a r sen ic  used was found 

between the zinc diffused region and the n-type start ing mater ia l .  

diffusion of zinc for  longer time to penetrate this b a r r i e r  resu l t s  in non- 

uniform junctions since in certain regions the penetration is greater  than 

in others .  Solar ce l l  character is t ics  showed no improvement. 

While observation of the junction front following 

Additional 

Better junction f ronts  and a l so  higher open c i rcu i t  voltages have 

resul ted f r o m  improvement in the technique for  making the epitaxial G a P  

and a resul tant  improvement in the s t ructure  of the Gap. 

now appear  to be m o r e  uniform with l i t t le o r  no evidence of spikes. 

The junctions 

Effor t s  a r e  being made to optimize the surface concentration by 

varying the amount of zinc placed in the diffusion tube. 

resu l t s ,  a s  deduced f rom Hall and resist ivity measurements  of the surface 

concentration, a r e  not c lear .  The resu l t s  present ly  available a r e  tabulated 

in Table VI  f o r  two representative lots of mater ia l .  

that  the amount of zinc used in these experiments may  still be too high 

and for  this reason  additional experiments using, perhaps,  gallium-zinc 

Thus f a r ,  the 

It is acknowledged 
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16.  

alloys should be performed in order  to reduce the zinc concentration 

fur ther .  

I t  is noted in Table V I  that reducing the amount of zinc added to 

the diffusion tube below 0. 5 m g  appears  to have had no effect on the 

resul tant  surface concentration. Fur ther ,  the observed junction depths 

do not show any consistency a s  the zinc concentration was reduced. 

The diffusion cycle, which for normal  testing of mater ia l  consists 

of a shor t  zinc diffusion with the resul tant  formation of a shallow p-n 

junction, was var ied a s  shown in Table VI1 to see whether the diffusion 

followed the analytical predictions of G. L. Pearson  and to t e s t  the 

effect of deeper junctions on solar cell  charac te r i s t ics  ( these will be 

de scr ibed  la te r  ). 

1 

Rea s onable agreement was found for the diffusion 

coefficient of zinc a s  deduced f r o m  these experiments and what would be 

predicted f r o m  Pea r son ' s  analysis. 

Of general  concern, however, was the fact  that the diffusion 

a s  found f rom etching and delineation techniques descr ibed in depth 

the first quarter ly  repor t  , f o r  cer ta in  samples  having higher initial 

c a r r i e r  concentrations, was deeper than for  those of lower initial 

c a r r i e r  concentration. 

amount of zinc, same temperature and time. 

a r e  not understood but i t  may be related to the fact  that m o s t  of the 

s tar t ing mater ia l s  a r e  compensated to some degree.  

.l. e,. 

Both types of samples  were  run with the same 

At this time these findings 

It has  been observed that start ing mater ia l  which was initially 

p-type gives r i s e  to a p-n junction when zinc is diffused (shallow) into it. 

This was particularly t rue of samples SC13-4 and SC21-3. 

:: See Page 10, Quarterly Report No. 1 
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V. SOLAR CELL EVALUATION 

The room temperature  solar cell  charac te r i s t ics  of open c i rcu i t  

voltage and shor t  c i rcu i t  cu r ren t  density a r e  given in Table VI11 for  the 

samples  fabricated during this period, together with the cel l  a r e a  evaluated 

and the spectral  response peaks in microns.  

and apparatus  have been described in the f i r s t  quarter ly  report .  

The fabrication techniques 

Highest open c i rcu i t  voltage observed has  been 1. 18 volts. This 

has  been observed on severa l  samples and a good number of others  have 

open c i rcu i t  voltages of 1. 0 volt o r  higher. In a l l  these cases  the shor t  

c i rcu i t  cu r ren t  density i s  about 0. 1 m a / c m 2  o r  l e s s .  

fur ther  character ized by having a spectral  response approximating the 

The samples  a r e  

L 
d i rec t  and indirect  band to band transitions . On the other hand, highest 

shor t  c i rcu i t  cu r ren t  densit ies found have been for sample NA21-SC21-3 

with a room temperature  value of 5 m a / c m 2 .  

gave a value of 2 m a / c m 2 .  

was 0. 74 volts. 

response appears  to be a t  the longer wavelengths. 

A mesa  of sample NA16 SC13-6 

The open c i rcu i t  voltage of NA21-SC21-3 

Of fur ther  striking in te res t  is the fac t  that the major  

In o rde r  to fur ther  verify that the resu l t s  obtained on NA21 SC21-3 

was associated with Gap,  a response curve was taken of the start ing 

ma te r i a l  SC21-3, using a gold dot on the surface and an  alloyed Au-Sn 

Kovar back contact, and it showed definite spectral  response features  

charac te r i s t ic  of G a p  , i. e . ,  response peaks a t  - 0.46 1~. and 0. 56 IJ.. 

Hence the shift in response $3n fabrication a s  deduced f rom these resu l t s  

appea r s  to be related to the diffusion process  and /o r  heat  treatment.  

3 

These longer wavelength responses  a r e  real ly  broad bands ra ther  

In the interest  of simplicity we shall  re fe r  to the longer than sha rp  peaks. 

wavelength response a s  a . 7 p band. 

shor t  c i rcu i t  cu r ren t  dens i t ies  observed will be covered in more  detail 

l a te r .  

where a value of 2. 5% has  been observed. 

The shift in response and the respective 

The highest conversion efficiency has  been attained with NA21-SC21-3 

The c u r r e n t  density a t  maximum 
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power was 4. 5 m a / c m 2  and the corresponding voltage was 0 ,  56 volts. 

Samples tested have had cell  a r eas  of about . 2 cm2  as  seen in Table 

VIII. 

F o r  those samples  having the main response peaks a t  0 .45  

to 0. 53 p , the highest shor t  circuit  cu r ren t  density obtained has  been 

about 0. 2 m a / c m 2 .  This is in sharp cont ras t  with the above resul ts .  

A. Bump Density 

Efforts have been made to determine whether imperfections 

of the type shown in Figure 2b and hereaf te r  identified as  bumps can 

in some manner  be correlated with the measured  electr ical  charac te r i s t ics .  

Since all mater ia l  presently made has  these imperfections on the surface,  

a count has  been taken of them and recorded in t e r m s  of the number of 

bumps per  cel l  a r e a .  The l a s t  column in Table VI11 contains the bump 

density for  some of the fabricated solar  cells.  No obvious correlat ion 

exis ts  between the bump density and the open c i rcu i t  voltages. 

B. Spectral  Response Measurements  

As already shown in Table VI11 the spec t ra l  response in the range 

of 0 .45  - 0. 55 p predominates fo r  those samples  with relatively low shor t  

c i rcu i t  cu r ren t  densit ies.  

to have their  main response a t  wavelengths > 0. 58 p and centered roughly 

around 0. 7 p .  

response peaks using a Reeder thermocouple a s  a reference standard.  

(The magnitude of the peaks a r e  given in t e r m s  of 

r ep resen t s  the voltage output of the thermocouple which can be related 

to a thermocouple energy using the standard - a 46 p w / p  v). The solar  

ce l l s  in this table have all been made by the same standard diffusion cycle 

as  noted in Table V. Of interest  is the fac t  that  those samples  which have 

been doped with tellurium show very strong response a t  0 .45  (and 0. 50 ) 

with a decided absence of response a t  wavelengths > 0. 55 p .  On the other 

hand severa l  samples  show a decidedly grea te r  response a t  about 0. 7 p(band) 

with smal le r  o r  no response a t  the shor te r  wavelengths. 

The higher shor t  c i rcu i t  density samples  appear 

In Table IX we have given the magnitudes of the spec t ra l  

a /  cLv where the p v 

We will fur ther  
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examine these observations in the discussion. 

C. 

To attempt to explain the deviation between observed open c i rcu i t  

Photo Response of Top Metal Contact to G a P  Solar Cell 

voltages ( - 1. 2 volts) and the theoretical (- 1. 5 volts) the effect of the 

photo voltage generated by the top metal  contact ( s i lver )  of the G a P  solar  

ce l l s  was investigated. 

of the solar  cel l  with black wax has  led to no change in open c i rcu i t  

voltages within the e r r o r  of the experiment as  can be seen f r o m  Table X. 

It has  been concluded that the effect of the metal  contact to the G a P  does 

not affect  the open c i rcu i t  voltage obtained and hence cannot explain the 

low open c i rcu i t  voltages obtained f rom the fabricated G a P  solar  cell ,  

Successive masking of the contact and the surface 

D. Effect of Gap-GaAs Interface 

To fur ther  examine the possibility that the Gap-GaAs interface 

might be influencing solar  character is t ics  another experiment was 

c a r r i e d  out. 

and etching out a portion of the GaAs to provide a window direct ly  

to the back of the GaP layer.  

except for  the portion to be etched away. 

1 HF: 3 "0,: 2 H,O. 

This consisted of taking a zinc diffused unit, NA25-SC24-5, 

The GaAs was masked with black wax 

The etch used consisted of 

This etch only negligibly at tacks Gap.  

A sketch of the etched sample is shown in Figure 4. Contact 2 

is the original back contact of Au-Sn-Ni, contact 3 is made by using a 

mica  mask  of diameter smaller than the "window" and evaporating 

Au-Sn-Ni. 

as  is normally ca r r i ed  out for  the back contact. 

employs evaporated silver.  

This sample i s  heated to 400" C following the evaporation 

The top contact (1) 

The shor t  c i rcui t  current  and open circui t  voltages were  measured  

under various conditions: (1) with a microscope light and the window in 

the up position, ( 2 )  under normal solar  cell  testing conditions in our 

s tandard t e s t  apparatus with the f ron t  face of the G a P  (with s i lver  contact) 

facing the light source and the window in the back. 
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We compared the Ag-Au-Sn-Ni (GaAs) contact with the Ag- 

Au-Sn-Ni (Gap)  contact. 

in terface,  the la t te r  does not. 

voltages and shor t  c i rcu i t  cur ren t  produced identical values for these 

contacts under condition 2 and they were the same under condition 1. 

This experiment fur ther  corroborates  our ea r l i e r  experiments described 

in the first quarter ly  repor t  wherein we concluded that in our present  

ma te r i a l  the Gap-GaAs interface does not play a significant role in 

determining the character is t ics  of the G a P  solar  cell .  

The former contact includes the Gap-GaAs 

Both the measurements  of open c i rcu i t  

E. Solar Cell Character is t ics  a s  function of TemDerature 
~ ~ ~~~ ~ 

The shor t  c i rcu i t  current  density and open c i rcu i t  voltages of 

a number of fabricated G a P  solar cel ls  shown in Tables V and VI11 

have been measured  a s  a function of increasing temperature .  

measurements  have been made using a tungsten light source with the 

samples  placed in a furnace. The resu l t s  a r e  tabulated in Table VI1 

where the room temperature  values a r e  displayed a s  well a s  the 

temperature  where the shor t  circuit  cu r ren t  density appears  to reach  

its highest value. 

is a l so  given. Typical curves  of the shor t  c i rcu i t  cu r ren t  density 

and open c i rcu i t  voltage a s  a function of temperature  a r e  shown in 

F i g u r e s  5, 6 and 7. 

Solar 

At this same temperature  the open c i rcu i t  voltage 

It has  been observed that the open c i rcu i t  voltage decreases  

fa i r ly  rapidly with increasing temperature .  

typified by two types of change; 

in voltage to half the initial value a t  a temperature  of 150-175" C and 

those which decrease  to half their start ing value a t  a temperature  of 

about 250" C. 

generally increases  with temperature.  Thus f a r ,  high J a t  elevated 

tempera tures  has  been observed for samples NA16 SC13-6 (3. 7 m a / c m 3  

at  300" C), NA20 SC13-4 (0 .  97 m a / c m 2  at  300" C) and for  sample 

NA21 SC21-3, which has  shown li t t le change in J 

temperature  to ,., 200" C. 

The r a t e  of decrease  is 

those that appear  to show a decrease  

The shor t  circuit  cu r ren t  density on the other hand 

sc  

(4. 5 m a / c m 2 )  with sc  
In the case  of sample NA16 SC13-6 a r i s e  
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of 2 o r d e r s  of magnitude occurred on going f rom room temperature  to 

300" C. 020 

volts f r o m  a start ing value of ~ 58 volts a t  room temperature ,  

On the other hand the open c i rcu i t  voltage drops to only 

The slopes associated with the shor t  c i rcui t  cu r ren t  density 

- e I *v/kT L e  of in te res t  for there  appear  f r o m  the relationship J 

to be five slopes which character ize  the measured  samples:  
sc  

A V  = 0 ev 

4 v = 0.04 ev 

g v  = 0 .08  ev 

n v  = 0. 3 ev 

A V  = 0 .  5 ev 

Sample NA 21 SC21-3, which has  a J of about 5 m a / c m Z  and 
sc  

a ve ry  strong spectral  response a t  - 0. 7 p wavelength a t  room 

temperature  exhibits ze ro  slope to - 200" C ,  

0. 0 8  ev a r e  found for  those samples which a r e  character ized a t  room 

temperature  by spec t ra l  response in the region of about 0 . 4 5  - 0. 55 p ~ 

Slopes 0.  3 and 0. 5 ev a r e  noted for  those samples  which have some 

small response a t  wavelengths > 

While i t  is believed that these slopes should be correlated with a n  

impurity level, this point has  not yet been established, 

The slopes 0.  04 and 

55 p ( ru a 7 p )  a t  room temperature .  

F. Diffusion Length Measurements  

Using the method of Logan and Chynoweth , room temperature  

measurements  of diffusion length have been made on m e s a s  of some of 

the solar  cel ls  to determine whether the low shor t  c i rcu i t  cu r ren t s  

observed can be correlated with the measured  diffusion lengths. A 

(capaci ty/area)-  vs, J (photo cu r ren t  density of the 

4 

L 1 
plot of - 

C/A P 
cel l  with r eve r se  bias)from which a value of L 

diffusion length, can be deduced i s  shown in Fig. 8 for sample NA16 SC13-6. 

Some values obtained by this method a r e  shown in Table XU. 

competing mechanisms the resul ts  may  be regarded a s  upper l imits .  

the minority c a r r i e r  
D' 

Because of 
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Diffusion lengths measured  have ranged f r o m  about 450 A to about 

5000 A. 

values of the diffusion length correspond to values of minority c a r r i e r  

l ifetime varying f rom 10 to 10 sec.  It is a l so  likely that 

the lifetime of e lectrons in the heavily doped p layer  (zinc diffused) 

m a y  even be severa l  o r d e r s  of magnitude below these measured  values. 

In fact ,  some of the samples  such a s  the mesa of NA 16 SC13-6 which 

has  a spectral  response in the 0. 7 p region and has  a room temperature  

shor t  c i rcu i t  cu r ren t  density of 2 m a / c m 2  has  a ve ry  shor t  diffusion 

length of - 150 A . (This  is one of the samples  where the sensitivity 

of the measurements  was good). This last example is a l so  the basis  

for  regarding some of the diffusion length measurements  with caution 

and a l so  suggesting that competing processes  o r  mechanisms can be 

occurr ing in the solar  cell  which may  lead to erroneous interpretation 

of the diffusion length measurements .  

Using a c a r r i e r  diffusion constant of 2 .  5 cm2  / sec.  the 

-12  - 10 

0 

Several questions a r e  ra ised by the va lues  of diffusion length 
0 

given in Table XII. 

as an  est imate  of minority ca r r i e r  diffusion length, then it can account 

for  the low shor t  c i rcui t  current  densit ies obtained with samples which 

have p r imary  spectral  response in the wavelength range of 0 .45  - 0. 55 p . 
However, i t  is difficult to understand why those samples  which respond 

to the 0. 7 

( r ega rd le s s  of c a r r i e r  generation mechanism) especially if  the diffusion 

length could be a limiting mechanism. 

this question i t  i s  perhaps well to examine the nature  of the p-n 

junction through current-voltage charac te r i s t ics  and capacity-voltage 

measurements .  

If a diffusion length of the o rde r  of 150 A i s  taken 

region shold have considerably higher shor t  c i rcu i t  cu r ren t s  

In o rde r  to m o r e  clear ly  view 

G I -V Character is t ics  

The I -V charac te r i s t ics  of these solar  cel ls  a s  can be seen f r o m  
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Table XI1 shows that n > 2 in the I - V  relationship 
ev I = I  e x p ( -  - 1 ) .  

0 nkT 
The I -V relationship with n > 2 suggests the presence of recombination 

cen te r s  a s  has  a l ready  been noted in the previous report .  In Fig. 9 i s  

sllown 

where there is evidence of a negative resis tance region in the forward 

charac te r i s t ic  of the t race.  

5 

an  I -V  t race  a t  room temperature  for sample NA24 SC13-6 

H. 

Capacity-voltage measurements  taken on m e s a s  of the fabricated 

Ca pa c i ty - Voltage Mea sur  ement s 

so la r  cel ls  generally support the idea that the p-n junctions a r e  graded 

and appear  to follow a l/C3 law a s  seen in Table XII. F igure  10 shows 

a plot of the capacity vs  voltage for sample NA 21SC19-5. 

to follow the 1 /C3  law. It has  been possible to f i t ,  generally, the 

capacity-voltage data to the following types of equations: 

I t  appears  

qa v t V . = - -  1 1 2 e  (&) ’  
a 

where V is the applied reverse  voltage, V. is the built in voltage of 
,/ a 1 

Gap,  a constant and character is t ic  of the mater ia l .  For n-type G a P  

we have taken V.  = 2 volts in o rde r  to f i t  the data. (This  a g r e e s  with 

the resu l t s  of White and Logan and Logan and Chynoweth . In the 

equations q is the electronic charge,  E the dielectric constant, C the 

capacity of the junction, A the c r o s s  sectional a r e a  of the junction and 

a i s  a concentration gradient in the graded junction. W is introduced 

into the equations to f i t  our experimental resu l t s  and it signifies that 

the space charge layer  of the junction i s  extremely wide and infers  

that  the space charge layer  is intrinsic so that we m a y  in these samples  

talk about a p-I-n cell.  

6 4 1 

I 

In Table XI1 reference i s  made  to calculations 
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f r o m  the data using eqs. 2-2b. 

with higher shor t  c i rcu i t  current  densit ies have sma l l e r  "I" l aye r s  

and a l so  the diffusion length is g rea te r  than the "I" layer .  This is 

especially t rue for mesa  sample N A  16 SC13-6. 

One notes that some of the samples  

The "I" layer  o r  W a s  calculated for  the samples  in Table XI1 .I 
is seen to vary f rom 150 A to about 10 p . The gradient, a ,  is observed 

to generally decrease  with increasing width of I layer .  

The m e s a s  which have been used in these measurements  

generally have a r e a s  in the range of cm'. 

I t  remains to attempt to cor re la te  the shor t  c i rcu i t  cu r ren t  

density, open circui t  voltage, spectral  response,  diffusion length, 

capacity-voltage measurements  into a single picture.  

J .  

In Table XI11 is given the resu l t s  of an  investigation on the 

Effect of Junction Depth on Solar Cell Charac te r i s t ics  

effect of deeper junctions on the solar  cell  charac te r i s t ics .  

with samples  SC13-6 to SC21-3 were c a r r i e d  out with both shallow 

( - 0. 5 p )  and deeper penetrations (3-5  p ) .  

with what one expects f rom general solar  cell  theory. 

voltage is independent of the junction depth while the shor t  c i rcu i t  

cu r ren t  density dec reases  using the deeper junction. The resu l t s  

of this investigation would support the use of a shallow junction a s  

opposed to a deep junction. 

Diffusions 

The resu l t s  show agreement  

The open circui t  
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VI. DISCUSSION 

The experimental  resul ts  obtained thus far on epitaxial G a P  

solar  ce l l s  suggest that the cells present ly  made fall  into two 

categor ie s: 

(a). 

c i rcu i t  cu r ren t s  

(b).  

c i rcu i t  voltages. 

The highest conversion efficiency has  been obtained f r o m  the 

those with high open c i rcu i t  voltage and low shor t  

those with high short  c i rcu i t  cu r ren t s  and low open 

la t te r  category. 

successfully combined nor has theoretical  expectations for  J 

V 

de tail. 

The optimuni fea tures  of each type have not yet been 

and 

It may be of in te res t  to d iscuss  these in more  
sc  

been achieved. 
oc 

A. Open Circuit  Voltage 

The highest open circuit  voltage obtained a t  room temperature  

is 1. 2 volts. 

Attempts to associate  the difference with the effects of the top meta l -  

p layer  semiconductor contact o r  the Gap-GaAs substrate  interface 

have been negative. The c leares t  association appears  to re la te  the 

difference to the nature  of the junction formed, and this includes not 

only the physical junction, i. e .  , whether the junction front  is physically 

f la t  and planar but r e fe r s  also to the e lec t r ica l  nature of the junction, 

i. e . ,  whether the junction is graded with a relatively wide space 

charge layer  and the nature of the impurit ies in this layer .  This 

point has  a l so  been ra i sed  by LaMorte 

This begins to approach the theoretical  value of 1. 5 volts. 

7 
for  GaAs solar  cel ls .  

Our present  information does not provide 11s with a detailed 

enough description of the space charge region to speculate on the 

types and nature of the centers present  there .  

B. Short Circuit Curren t  Density 

The spectral  responses a t  about 0 . 4 5  p, and about 0.  53 p, 
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2 
correspond to the two conduction band minima in G a P  

and 2. 3 ev. 

corresponding to the d i rec t  gap is l a rge r  than the response a t  the indirect ,  

lower energy conduction minimum for  those ce l l s  exhibiting no response 

a t  s t i l l  longer wavelengths. 

a r i s ing  f r o m  these band edge responses appear  to be pr imar i ly  associated 

with shor t  minority c a r r i e r  lifetimes and diffusion lengths. 

d raws  support f rom the diffusion length measurements  l is ted in Table XI1 

and discussed ea r l i e r .  

2. 5 c m 2  / s e c  for  holes o r  electrons,  then T ,  the l ifetime m a y  be of the 

o rde r  of 10-l '  sec .  This is not unexpected in a wide band gap mater ia l  

where a var ie ty  of impurity levels both shallow and deep a r e  possible 

with varying combinations of trapping and recombination processes  likely. 

a t  about 2. 7 ev 

F r o m  Table IX, the response a t  the higher energy 

The low values of shor t  c i rcu i t  cu r ren t  

This s ta tement  

If one assumes  a diffusion coefficient of about 

Many of the ce l l s  show a pronounced response in the region of 

0. 7 microns  and in these cel ls ,  little o r  no response is exhibited a t  the 

band edge. In fact ,  the highest spectral  response observed so far has  

been in this longer wavelength region. 

to a wavelength of 0. 7 p (1. 8 e.v.  ) is l e s s  than the band gap, photoresponse 

with light of this energy m u s t  involve a two-step excitation, with two 

optical s teps  o r  one optical and one thermal  step. The interband level 

involved may be the deep donor level ( 0 . 4  e. v. ) attributed to oxygen by 

Gershenzon and Mikulyak . The grea te r  photocurrent generated in these 

ce l l s  by the 0. 7 IJ. light may a r i se  f rom c a r r i e r  trapping effects result ing 

f r o m  the nature of the impurity centers ,  the F e r m i  level and the details  

of the excitation process .  

construct  models which might explain these effects. 

Since the energy corresponding 

8 

Prel iminary at tempts  have been made to 



2 7 .  

VLI. FUTURE STUDIES 

The efforts to grow thick l aye r s  of G a P  will be continued by using 

higher flow ra t e s ,  higher temperature gradients and reducing o r  eliminating 

the deposition on the wall by revising the temperature  gradient between 

the substrate  and the adjacent wall. 

Effor ts  to eliminate s t ructural  defects by improving the cleaning 

procedure and optimizing run conditions (within l imi t s  to obtain a ra te  

of 0. 5 p /min)  will be continued. 

remove organic contaminants and subsequently be removed in the 

phosphorus vapor pr e t r  eatement process .  

A light oxidation of the surface might 

The principal run conditionsto be opt imized a r e  purity of the 

reaction gases  and phosphorus pressure  control. 

The purity of the gallium phosphide must  be improved. An at tempt  

will be made to identify the principal active impurit ies by spectroscopic 

analysis.  

should be purified. 

and silicon should be established. 

A source of pure phosphorus mus t  be obtained and the HC1 

The behavior of suspect  impuri t ies  such a s  oxygen 

The effect on purity a s  reflected in solar  cell  propert ies  of such 

run  conditions as  phosphorus pressure  and H, flow ra t e s  will be investigated 

m o r e  systematically.  

Techniques for  doping with tellurium, selenium, and zinc to control 

net  c a r r i e r  level will be perfected. 

Si, Ge and Sn, will be investigated. 

Doping with the Group IV elements ,  

The contributions of the band edge to the cu r ren t  is extremely 

small and the reasons  not clear.  

in the p layer ,  surface recombination effects and the effects of the surface 

c oncentration on the shor t  c i rcui t  cu r ren t  density. 

I t  is of value to investigate the absorption 

The reason for  the large cu r ren t  response f r o m  the 0. 7 p wave- 

length is not c lear .  I t  is 

important  to determine why lifetime does not inhibit this response.  

It is planned to look into the mechanism. 

It is 
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a lso  of importance to determine where the level is coming f rom,  what 

impurit ies may be involved. 

Hall measurements  on the epitaxial G a P  samples  will be c a r r i e d  

out in an  attempt to determine some of the shallow level impuri t ies  

present  in the epitaxial G a P  mater ia l  and a closer  correlat ion of the solar  

cell  propert ies  and the mater ia l  deposition pa rame te r s  will be attempted. 

I t  is planned to study the space charge region in more  detail and 

see  whether this can be related to (a )  the la rge  response of the 0. 7 

wavelength and (b)  the poor response of the absorption edges. 

It would be of in te res t  to examine some of the non-radiative 

and radiative processes  in the epitaxial Gap. 
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APPENDIX A 

I 
I 
I 
8 
I 
I 

Est imates  have been made of the amount of so la r  energy grea te r  

than 2. 2 e. v. which is absorbed in G a P  as  a function of the thickness of 

Gap.  In these calculations the absorption coefficient was approximated 

f rom the measurements  of Spitzer, e t  a1 

square of the photon energy ,  i. e. , ~y (E)  = A (E-E0)' .  

absorption coefficient a t  a particular photon energy, A is a constant to 

be fitted (A = 6. 25 x l o 3  cm-l lev) ,  The number of photons 

available a s  a function of energy (> 2. 2 e. v. ) was approximated f rom the 

available data on the solar spectrum in the energy range of in te res t  for  

G a P  (> 2. 2 e.  v. ) by a parabola having the following form: 

2 
and assumed to vary  a s  the 

Here  a (E)  is  the 

E = 2. 2 e .  v. 
0 

n (E)  = n - (E  - El)' 
0 

where n (E) a r e  the number of available photons a s  a function of energy, 

n , y ,  E, a r e  constants. The equation with the appropriate  constants 

was found to be 
0 

\ 

n (E) = 3 .  5 x 1017 - 2 . 4 3  x 10 l6 (E-1)' 

The resu l t s  of the calculations a r e  plotted in Figure 11. 

These approximate calculations indicate that for  a G a P  thickness 

of 15 microns about 80% of the energy > 2. 2 should be absorbed. 

8 
I 
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APPENDIX B 

Equipment 

A new grating blazed for 0. 5 microns has  been installed in 

the Bausch and Lomb monochromator this period and suitable 

calibrations c a r r i e d  out. 

A leakage tes te r  with input impedance of 10'l ohms has  

been built to check r eve r se  character is t ics .  

Equipment to measu re  solar cell  charac te r i s t ics  a s  a 

function of temperature  has  been built and put to use.  



3 2  
Ln 
0 

9 
0 

0 * 

0 
N 
F 

m 
0 

V 

0 
Ln 
4 - 
F 
-+ 

-! 
V 

4 

4 

Ln 

co 
4 

* 
4 

0 
D 
co 

a 
+ 
8 

L n  
N 

cn 0 

m 
0 

F 
0 

Ln * 

4 

9 
9 

m 
0 

v 
0 
Ln 
4 

h 

9 * 
4 
V 

Ln 

4 

0 
N 
03 

N 
\ 
4 

I 

4 
-+ 

Ln 
F m 

a 
+ 
3 

a 
N u 
tn 

N 
-4 

0 
4 

in 
N 

0 * 
N 

m 
4 

0 
F 
4 - * 
4 

4 
W 
Ln 
co 
0 

Ln 

co 
4 

_ _  
x 

* 
4 

0 m co 

a 
+ 
s 

F 
N u 
vl 

m 
4 

N 
4 

Ln 
m 

0 co 
N 

N 

4 

0 
F 
4 

9 
4 

4 
u 
m 
m 
0 

Ln 

co 
4 

_ -  
15 

* 
4 

0 m 
co 

a 
+ 
8 

Ln 
4 

N 
4 

0 
m 

0 * 
N 

F 

N 

0 
Ln 
4 

in 
co 
0 

Ln 

co 
4 

* 
--I 

0 
D 
co 

a 

a 
+ 

8 

* 
4 

in 
4 

m * 

m 
4 

9 
4 

0 * 

a, 
c, 

2 

6 
s 
3 
0 

4 
4 

9 
4 

4 

N 

4 m * 
co m * 
N 4 N 

* F m 
4 4 N 

0 0 0 
0 0 Ln 
m Ln 4 

d 
0 cl 
.d 
44 
.d 
m 

w 
J 
4 
b 
a co co 

0 

0 e 
a" 

* 
4 

4 

4 

Ln 

co 
4 

In 
co 
4 

N 

03 
4 

* 
4 

0 
P co 

0 m 
co 

+ a a, 
f+ a, 

U 
k 
3 
0 
tn 

+ 
2." 
U +  s a  s a  

0 m Ln 
N N 4 

cn u 
vl 

u u 
tn 



6 
m N O  0 co 
d 4 d  N 4 . .  

N 
N 

d m m  0 co 
N N N  rr) cc) . .  

a, 
E .$I 0 iq N" 

0 In 0 o m  * In - *  
?I N N 

* 
4 

4 

d 

In 4 4  

4 4  
. .  

cr) 

0 
In 
4 

0 
0 
In 

0 
0 
In 

0 0  
r- 0 
d c o  

a 
a, 
(I] 
0 a 
X 

N 

m-4 
O N  
4-J 

0 

co 

u 

. .  

4 

4 

d 

* 
hj 
m 4 cu 

+- 
L n l n  
4 0  coco 

a, 
2 In 

co 
4 0 co 

0 m co 
0 m 
co 

0 m 
co 

In 
r- m 

+ PI 
+ 

+ 
d 
N 

a a  V I  a 
+ 

a, 
E-r 

'4,; 
* +  8 8 a  S a  

d 

m 
N u 
Ul 

a * N 0 
4 N N cc) u 

m m 
Ll 
Ul 

u 
r/) 

u 
d .e: 
' E  d d  



1 
8 
c 
8 
I 
t 
I 
8 
I 
I 
I 
I 
1 
8 
I 
t 
I 
I 
8 

Sample 
No. 

SC14-2 

SC15-3 

SC17-3 

SC24-3 

SC24-5 

SC25-3 

SC26-3 

sC27-3 

SC28-3 

34 

TABLE 11 

Prope r t i e s  of Undoped GaP Epitaxial Laye r s  (n-type) 

Source 

G a P t  P 

G a P t  P t  
Te ( ? )  

Ga t P 

Ga t P 

II 

II 

I I  

I I  

30 110 63 9. 7 

40 non ohmic contacts 

25 

70 

57 

1 . 2  68 1 .4  1017 

. 10 88 7. 3 1017 

. 14 89 5. 1 1017 

40 1 3 . 4  68 2. 5 x l O l 6  

45  2 . 4  74 3. 6 x 10l6 

25 2 . 7  74 4. 8 x 10l6 

35 3 .  2 88 2. 7 x 10'6 



TABLE I11 

Tellurium and Zinc Doped G a P  Epitaxial Laye r s  

Sample Thickness, ~1 

SC16-3 G a P t  P 50 . 0 1 7  32 1. 9 1019 
t 3. 0 x l O I 9  cm-3  Te 

SC18-3 G a t  P 26 
- 5  t 1 x 1OI8 cm-3  Te 20 

. 2 9  55 5. 3 1017 

. 6 6  53 2. o 1017 

SC19-3 G a t  P 34 . 2 3  46 6.  2 x 1017 
t 1. 3 ~ 1 0 ' ~  crnm3 25 . 5 9  38 3. 8 x l O I 7  

1. 5 x 1018 SC20-3 Ga, Te reused  t 43 . 0 5 2  79 
P 

SC21-3 I '  1 0 ::: non ohmic contacts 

SC22-3 I '  15 .046  45  3. 2 x 1018 

SC23-3 " 21 . 0 4 3  47 3. 1 x 1018 

SC29-3 Ga t P t Zn 55 
(350") 

SC30-3 Ga, Zn reused 95 
t P  

. 037 ( 2 5 )  (6  x 10l8) (p) 

2 . 4  96 3. 2 x 1 0 ' ~  (n)  

v e r y  ragged interface,  non- standard growth conditions J. e,. 
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4 5  
TABLE X 

Effec t  of Top Metal Contact to GaP Solar Cell  on Open Ci rcu i t  Voltage 
G a P  Solar Cell NA-16, SC14-2 

Total Cell  Area  
Uncovered 

Cm2 

. 22 ( total  cel l  a r e a )  

. 16 

. l l  

. 0 7 7  

0 

Open Circu i t  Voltage 
v Volts 

oc 

1. 0 5  

1. 0 3  

1. 00 

. 9 8  

0 
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Diff. 
Run 
No. 

NA16 

NA20 

NA21 

NA20 

NA21 

NA22 

NA22 

NA22 

NA22 

NA 2 2 

I 

TABLE XI11 

Effect of Junction Depth on J 
sc  

oc V Junction 
Slice Depth 
No. ( 1 1 )  (Volts)  

SC13-6 

SC13-4 

SC19-5 

SC17-3 

SC21-3 

SC13-6 

SC13-4 

SC19-5 

SC17-3 

SC21-3 

< 0. 5 

0 . 5  

< 0 . 4  

< 0 . 5  

< 0 . 4  

3 

3 

5 

5 

4 

0 .  58 

0.  73 

0. 96 

0. 60 

0. 74 

0. 65  

0.  74 

0. 92 

0. 96 

0. 62 

s c  
J 

0 . 0 1  

0. 12  

0.  12  

0 .  20 

5. 0 

0 . 0 0 5  

0 . 0 0 6  

0 .  06 

0 .  04 

1. 14 



Fig. 1 - SC27-3,  25 p ,  nearly bump free surface showing 
effect of orientation 
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1 
3 
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I 

Fig. 2 - (a )  SC18-5,  20 p ,  2. 0 x 1017, "rounded rectangular" 
bumps, many with f la t  tops. (b) SC24-5 ,  57 p ,  5. 1 x 
"square pyramidal" bumps. (c )  S C 1 6 - 3  50 p , 1. 9 x 1019, 
paral le l  r idges caused by very heavy tellurium doping. (d) 
SC29-3 ,  55 p ,  6 x lo1* (p),  high concentration of bumps 
elongated in "A" direction caused by zinc doping. 

c. 



Fig,  3 - (a) SC26-3, 45 p , < 3. 6 x overlapping "square 
pyramidal bumps, 1OOx. (b) SC19-3, 34 p ,  6. 2 x lo", peaked 
rounded rectangular bumps, 1 0 0 ~ .  ( c )  SC29-3, 5 5  p ,  0 x 10" 
(p).  Zn doped, well developed "p-type" elongated oval bumps, 
200x, (d) SC30-3, 9 5  p ,  3. 2 x 10l6 (n) Zn doped, small peaked 
"p- type" rounded rectangular bump, 1OOx. 

r 



Contact (2) 
I 

Au-SnjNi 
r-(3) 1 . 

"- Ga TyFe 

n-Type 
GaAs 

PlTYPe 
I 

1 -  
I 

Ag &act 
CROSS SECTION BOTTOM VIEW 

Fig, 4 - Experimental Set up for checking effect of Gap-GaAs 
interface. 
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FLU 7 - Variation of short circuit current density (J ) .with temperature 



NA16 S C W 6  

Fig. 8 - Sample plot used for determining minority carrier diffusion 
length. 



Fig.  9 - Negative res i s tance  in forward  direction for G a P  mesa .  
Spmple NA24-SC13-6. Vertical: I . 2 m a / c m .  Horizontal 
Voltage, 1. 25 vol t s /cm.  
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